Abstract. Cerebral ischemic injury and treatment are important topics in neurological science. In the present study, an in vitro model of cerebral ischemia was established by subjecting primary cultures of hippocampal neuronal cells to oxygen-glucose deprivation followed by reperfusion (OGD/R), in order to evaluate the possible neuroprotective role of syringic acid (SA). The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and lactate dehydrogenase (LDH) assays showed that pre-treatment with SA (0.1, 1, 10, and 20 µM) attenuated OGD/R-induced neuronal injury in a dose-dependent manner, with evidence of increased cell viability and decreased LDH leakage. In addition, oxidative stress markers were evaluated using commercial kits, and the results demonstrated that OGD/R exposure induced distinct oxidative stress, accompanied by elevated levels of intracellular reactive oxygen species (ROS) and malondialdehyde (MDA) production, and reduced activity of the antioxidant enzyme superoxide dismutase (SOD), which were dose-dependently restored by pre-treatment with SA. In addition, the concentration of intracellular free calcium [Ca 2+ ] i and mitochondrial membrane potential (MMP or Δψ m ) were determined in order to evaluate the degree of neuronal damage by performing flow cytometric analysis and observing the cells under a fluorescence microscope, respectively. We demonstrated that pre-treatment with SA inhibited elevations in [Ca 2+ ] i , whereas it increased the MMP dose-dependently following exposure to OGD/R. Western blot analysis revealed that OGD/R promoted cell apoptosis with concomitant increases in Bax and caspase-3 expression, and reduced Bcl-2 expression, which was reversed by pre-treatment with SA in a dose-dependent manner. Moreover, these effects were mediated through the JNK and p38 pathways, as pre-treatment with SA inhibited the OGD/R-induced increase in phosphorylated (p-)JNK and p-p38 expression. Taken together, these results suggested that SA exerted strong neuroprotective effects in hippocampal neuronal cells, which may be attributed to the attenuation of OGD/R-induced cell injury through the JNK and p38 signaling pathways.
Introduction
Ischemic stroke is a major cause of death and is associated with high rates of morbidity and disability in adults worldwide (1) . As an acute cerebrovascular disease, it is associated with cerebral ischemia and brain tissue damage due to significant deprivation of oxygen and glucose caused by a reduction in or complete blockade of arterial blood supplies to the brain (2) . Transient cerebral ischemia induced by the deprivation of blood to the brain may cause delayed neuronal death in some specific vulnerable regions such as the hippocampus (3) . Early restoration of cerebral blood flow is crucial for sustaining neuronal viability. Nevertheless, reperfusion is believed to promote delayed secondary brain injury as the freshly arriving oxygen will serve as a substrate for the production of excessive reactive oxygen species (ROS). Thus, antioxidant defenses including free radical scavengers and antioxidant enzymes are considered a promising approach to reduce the extent of damage caused by ischemia/reperfusion injury.
Cumulative evidence suggests that oxidative stress is a fundamental mechanism of cerebral ischemia/reperfusion injury (2) . Oxidative stress and mitochondrial dysfunction are frequently implicated in the pathology of secondary neuronal damage following cerebral ischemia/reperfusion through the generation of ROS (4, 5) . Mitochondria are abundant in cerebral tissues, and are a major source of cerebral intracellular ROS, and the imbalance between the generation and degradation of ROS leads to oxidative stress (6) . Moreover, the overall process of ischemia/reperfusion injury is extremely complex. Cell injury induced by ischemia/reperfusion is a multifactor, multimechanism, malignant cascade reaction, which includes many events, such as the increased release of excitatory amino acids, calcium overload, mitochondrial membrane depolarization, free radical production, apoptosis gene activation and so forth. These factors reinforce each other and are interrelated, forming a vicious cycle, which eventually results in cell apoptosis or necrosis (7) . For example, the enhancement of concentrations ] i and reduction in mitochondrial membrane potential (MMP or Δψ m ) has been proven to contribute to the secondary mitochondrial dysfunction induced by cerebral ischemia/reperfusion injury in neonatal rat primary cultured hippocampal neurons (7) . Thus, inhibition of oxidative stress and mitochondrial dysfunction is beneficial in the treatment of cerebral ischemia/reperfusion injury.
Polyphenols are found in many plants and possess immunomodulatory and anti-inflammatory effects, as well as antioxidant effects as they are capable of removing ROS formed by lipid peroxidation, cellular damage and oxidative stress (8) . In particular, syringic acid (SA; 4-hydroxy-3,5-dimethoxybenzoic acid), a polyphenolic derivative of benzoic acid (9) , has been shown to exert antioxidant, chemoprotective and antimicrobial effects (9, 10, 11) . Recent studies in a rat model of ischemia/reperfusion suggest that SA reduces oxidative stress (9, 12) . However, the regulatory role of SA in a model of hippocampal neurons subjected to oxygen-glucose deprivation followed by reperfusion (OGD/R)-induced cell injury and furthermore, the potential mechanisms involved, have not yet been explored, to the best of our knowledge.
In the present study, we principally focused on the protective effects of SA in OGD/R-treated primary hippocampal neuronal cells by evaluating cell viability, oxidative stress markers, [Ca 2+ ] i , MMP and cell apoptosis, and by elucidating the associated molecular mechanisms. Nimodipine is a calcium antagonist, derived from the 1,4-dihydropyridine ring with a preferential cerebrovascular action (13) . This drug is light-sensitive and also lipophilic, which enables it to cross the blood-brain barrier and enter the brain (14) . It has been reported that nimodipine exerts potent cerebrovascular effects in vitro (15) . Thus, in the present study, nimodipine was used as a positive control drug.
Materials and methods
Animals, reagents and antibodies. Male Sprague-Dawley (SD) rats (n=20), 220-240 g, were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All reagent-grade chemicals, SA (purity >95%), dimethyl sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO, USA). The neurobasal medium containing B27 supplements, fetal bovine serum (FBS), horse serum and other culture products was purchased from Gibco (Rockville, MD, USA). Nimodipine injection (5 mg/ml) was purchased from Bayer AG (Leverkusen, Germany). The lactate dehydrogenase (LDH) activity assay kit and the commercial kits for the detection of superoxide dismutase (SOD) and ROS were purchased from Jiangcheng Bioengineering (Nanjing, China). The commercial kits for the detection of MMP and malondialdehyde (MDA) content were purchased from Beyotime (Nanjing, China). Fluo-3-acetoxymethyl ester (Fluo-3 AM) was purchased from Biotium, Inc. (Hayward, CA, USA). Antibodies against phospho-p38 (#4631) and phospho-JNK (#4668) antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA); JNK (sc-572), p38 (sc-535), caspase-3 (sc-1225) and Bax (sc-493) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); Bcl-2 (#D038-3) was purchased from MBL (Nagoya, Japan) and β-actin (A1978) was obtained from Sigma.
Horseradish peroxidase-conjugated anti-rabbit (A0208) or anti-mouse (A0216) immunoglobulin G, and enhanced chemiluminescence (ECL) reagents were purchased from Beyotime (Shanghai, China). The Pierce BCA protein assay kit was purchased from Thermo Fisher Scientific (Rockford, IL, USA). Polyvinylidene fluoride (PVDF) membranes were purchased from Millipore Corp. (Billerica, MA, USA).
Cell isolation and cell culture. Primary hippocampal neuronal cells were prepared from the brains of neonatal SD rats, as previously described (16) with some modifications. Briefly, the rats were sacrificed by decapitation and the hippocampal tissues were dissected on ice and then dissociated in 0.25% trypsin-EDTA. The primary hippocampal neurons were maintained in neurobasal medium supplemented with GlutaMAX and B27 plus glucose (4.5 g/l) for 7 days. Then, the cells were cultured in a medium containing 5% horse serum and 5% FBS supplemented with 15 mM glucose for 14 days. All cells were cultured in an incubator with a humidified atmosphere of 5% CO 2 at 37˚C. All experimental procedures were performed in accordance with the regulations of the Ethics Committee of Jilin University for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of Jilin University (Changchun, China).
OGD/R procedure. We established an in vitro model of cerebral ischemia by subjecting cells to OGD. The neurons were rinsed twice and incubated in DMEM without glucose. The culture media were then introduced into a specialized, humidified chamber filled with 1% O 2 /94% N 2 /5% CO 2 at 37˚C for 3 h in order to establish conditions of OGD. Thereafter, the culture media were replaced with normal DMEM containing glucose under normoxic conditions for an additional 24 h as OGD/R. SA (0.1, 1, 10, and 20 µM) or nimodipine (final concentration 5 mg/l) was applied to the cell cultures 24 h prior to OGD/R. The cultures in the blank control group were maintained in normal DMEM medium under normoxic conditions at 37˚C without OGD/R exposure and SA pre-treatment. The cultures in the control group were subjected to OGD/R in the absence of SA pre-treatment.
Cell viability assay. Neuronal cell viability was measured using the MTT assay. Briefly, the cultured cells were seeded into 96-well plates (Corning Inc., Corning, NY, USA) at a density of 5x10 3 cells/well in DMEM with 10% FBS for 24 h at 37˚C in 5% CO 2 . After exposure to OGD/R, 20 µl modified tetrazolium salt MTT (5 mg/ml) was added to each well and the samples were incubated at 37˚C for 4 h. The supernatant was then carefully removed and 100 µl DMSO was added to lyse the cells. Once the dark-blue MTT crystals had dissolved, absorbance was measured at 490 nm using a Benchmark microplate reader (Bio-Rad, Hercules, CA, USA).
Cytotoxicity assay. Neuronal injury in the cells was also quantitatively assessed by measuring the activity of LDH released from damaged or dead cells. Previous findings have shown that the activity of LDH from either necrotic or apoptotic cells is proportional to the number of neurons damaged or destroyed (17) . Briefly, the cells were seeded in 96-well plates (Corning Inc.) at a density of 5x10 3 cells/well and incubated for 24 h. After exposure to OGD/R, a 50 µl volume of medium was removed, and the amount of LDH leakage from the cells was determined using the LDH activity assay kit according to the manufacturer's instructions. The absorbance of the samples was read spectrophotometrically at 490 nm. The results are expressed as the percentage of LDH release relative to the control cells.
Measurement of cellular SOD and MDA levels. After exposure to OGD/R, the cells were harvested and resuspended in 0.1 M ice cold PBS. The cell suspensions were sonicated for 25 sec on ice and centrifuged at 12,000 rpm at 4˚C for 10 min, and the supernatants were collected. SOD levels were assayed by a modification of the xanthine/xanthine oxidase method (18) . Cellular SOD levels were determined by spectrophotometry. The levels of MDA, a compound produced during lipid peroxidation, were measured using the commercial kit based on a reaction with thiobarbituric acid (19) . The optical density at 532 nm was determined using a microplate reader (Spectra Max 190; Molecular Devices, Sunnyvale, CA, USA).
Measurement of ROS content. ROS formation was determined using the fluorescent probe 2',7'-dichlorfluorescein-diacetate (DCFH-DA). Cell-permeable non-fluorescent DCFH-DA has been shown to be oxidized to the highly fluorescent 2,7-dichlorofluorescein in the presence of ROS. The neurons were washed twice with PBS, and then incubated with 10 mM DCFH-DA for 30 min at 37˚C in the dark. The cells were then harvested and suspended in PBS. The fluorescence intensity was measured by a fluorospectrophotometer (Hitachi, Tokyo, Japan) at excitation/emission maxima of 485/525 nm (20) .
Measurement of [Ca

2+
] i . After exposure to OGD/R, the cells were harvested, washed with PBS, centrifuged at 1,000 rpm for 5 min, and then resuspended in PBS. Thereafter, the cell suspensions were incubated with 5 µM Fluo-3 AM in the dark at 37˚C for 40 min. After centrifugation and one wash, the cells were resuspended in PBS. The fluorescence of 1x10 Western blot analysis. The cell lysates were collected and protein concentrations were determined using the Pierce BCA Protein assay kit. Equal amounts of protein were separated by SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked in 5% nonfat milk in TBST buffer (5 mM Tris-HCl, pH 7.4, 136 mM NaCl, 0.1% Tween-20) for 1 h at room temperature prior to hybridization with a primary antibody overnight at 4˚C, followed by three washes for 5 min with TBST. Following incubation with HRP-conjugated secondary antibodies for 1 h at room temperature and three washes with TBST, the resultant protein bands were visualized by ECL reagents according to the manufacturer's instructions. The absorbance values of the target proteins were obtained through Gel-Pro Analyzer version 4.0 software (Media Cybernetics, Silver Spring, MD, USA).
Statistical analysis. Data are expressed as the means ± SD of results derived from three independent experiments performed in triplicate. Statistical analysis was performed using the Student's t-test and ANOVA. A P-value <0.05 was considered to indicate a statistically significant difference.
Results
SA pre-treatment ameliorates OGD/R-induced loss of viable hippocampal neuronal cells.
In order to examine the protective effects of SA against cell cytotoxicity caused by OGD/R, MTT and LDH assays were performed to assess the viability of hippocampal neurons. Compared with the blank control group, viability was significantly decreased after subjecting the cells to OGD/R, and this effect was reversed by pre-treatment with SA at concentrations of 0.1, 1, 10, and 20 µM, in a dose-dependent manner (Fig. 1A) . In addition, LDH leakage was increased after OGD/R, and incubation with SA attenuated OGD/R-induced LDH leakage at concentrations of 0.1, 1, 10, and 20 µM in a dose-dependent manner (Fig. 1B) . These results demonstrated that pre-treatment with SA attenuated the OGD/R-induced loss of viable hippocampal neuronal cells.
SA pre-treatment ameliorates OGD/R-induced oxidative stress in hippocampal neuronal cells.
We next determined the effects of SA on OGD/R-induced oxidative stress in hippocampal neurons. OGD exposure markedly reduced the antioxidant SOD activity in the neuronal cultures, whereas SA (0.1, 1, 10 and 20 µM) pre-treatment resulted in a noticeable enhancement of SOD activity in a dose-dependent manner ( Fig. 2A) . Additionally, a 2.3-fold increase in intracellular ROS generation and a 3.2-fold elevation in MDA levels (a cellular lipid peroxidation product) were found after subjecting the hippocampal neuronal cells to OGD/R. Conversely, pre-treatment with SA (0.1, 1, 10, and 20 µM) decreased MDA content and ROS production in a dose-dependent manner (Fig. 2B and C) . Taken together, these findings demonstrate that SA pre-treatment distinctly ameliorated OGD/R-induced oxidative stress in hippocampal neuronal cells.
SA pre-treatment prevents OGD/R-induced elevations in [Ca
2+
] i and MMP dissipation in hippocampal neuronal cells. Compared with the blank control group, [Ca 2+ ] i in the hippocampal neurons was significantly enhanced after exposure to OGD/R. However, nimodipine and SA (0.1, 1, 10, and 20 µM) pre-treatment decreased the enhanced [Ca 2+ ] i in a dose-dependent manner (Fig. 3A) . Moreover, levels in the 20 µM SA-treated group decreased to a similar level as those in the nimodipine-treated group.
JC-1 was used to assess the extent of mitochondrial depolarization in the hippocampal cultures exposed to OGD/R. After OGD/R, the red/green fluorescence intensity of JC-1 in the hippocampal neurons was reduced, suggesting a dissipation of the MMP whereas pre-treatment with SA (0.1, 1, 10, and 20 µM) significantly stabilized the MMP in a dose-dependent manner (Fig. 3B) . Moreover, a greater stabilizing effect was achieved in the 20 µM SA-treated group than in the other groups.
SA pre-treatment attenuates OGD/R-induced apoptosis of hippocampal neuronal cells.
Western blot analysis revealed that exposure to OGD resulted in the apoptosis of hippocampal neurons, accompanied by a marked increase in the expression of Bax and caspase-3 proteins, and a significant reduction in Bcl-2 protein. However, in the SA (0.1, 1, 10, and 20 µM)-pre-treated groups, the expression of Bax and caspase-3 was downregulated, and the expression of Bcl-2 was upregulated in a dose-dependent manner (Fig. 4) . Thus, these data suggested that SA pre-treatment attenuated the OGD/R-induced apoptosis of hippocampal neuronal cells.
SA pre-treatment inhibits OGD/R-induced activation of JNK and p38 signaling pathways in hippocampal neuronal
cells. Furthermore, we examined whether the JNK and p38 pathways are associated with the neuroprotective effects of SA against OGD/R-induced injury in neuronal cells. Western blot analysis revealed that the levels of phosphorylated (p-)JNK and p-p38 expression were enhanced by exposure to OGD/R, and inhibited by pre-treatment with SA in a dose-dependent manner (Fig. 5) . The results indicated that SA pre-treatment inhibited the OGD/R-induced activation of the JNK and p38 signaling pathways in hippocampal neuronal cells.
Discussion
Cerebral ischemia is one of the most common causes of death worldwide after cardiovascular diseases and cancer, with a higher incidence in aged individuals (23) . The therapeutic aim in treating cerebral ischemia is to reduce the extent of brain injury and thus, minimize neurological impairment. In order to develop effective strategies for the prevention, treatment and prognosis of the disease, it is necessary to identify safe and effective drugs or natural substances and furthermore, to have a sufficient understanding of the pathological mechanisms involved in cerebral ischemia/reperfusion injury. In the present study, we examined the protective effects of SA in primary cultures of hippocampal neurons injured by OGD/R. Studies have shown that antioxidants reduce ischemic injury in the brain. Indeed, the efficacy of plant extracts, including gallic acid, (S)-ZJM-289, aloperine and SA, in the prevention of stroke and cerebral ischemia has been evaluated in some cell and animal models of ischemic insults (12, (24) (25) (26) . In particular, SA is an active compound isolated from Isatis indigotica or Radix isatidis, which has been demonstrated to exert strong antioxidant and hepatoprotective effects (11, 27) . On the other hand, it is well known that ROS have been associated with high levels of MDA and suggested to cause lipid peroxidation thereby initiating the cascade of cell membrane damage. The synthesis of SOD is the principal factor involved in controlling ROS levels. Previous findings have demonstrated that SA is a strong inhibitor of low-density lipoprotein oxidation, contributing to the scavenging of free radicals, reducing the production of MDA, and thus, slowing the development of atherosclerosis (28) . SA reduces the levels of oxidative stress markers and exerts antioxidant effects, augmenting the antioxidant capacity in L-arginine-induced acute pancreatitis in rats (11) . In the present study, we found that pre-treatment with SA ameliorated OGD/R-induced oxidative stress in hippocampal neuronal cells in a dose-dependent manner.
Caspase-3 is a major cell death effector protease in the adult and neonatal nervous system (29) , which is crucial among multiple distinct caspases during neuronal development and under pathological conditions including cerebral ischemia (30) . As a neuroprotective agent, SA reduced oxidative stress and neuronal degeneration, with increased SOD generation and decreased levels of MDA and caspase-3, in rats with spinal cord ischemia/reperfusion (12) or in rats with cerebral ischemia (9) . Moreover, phenolic acids, including SA, exerted distinct inhibitory effects on the viability, cytotoxicity and apoptosis of Neuro-2A cells induced by methylglyoxal (31) . Similarly, our data revealed that pre-treatment with SA dose-dependently attenuated the OGD/R-induced loss of viability and apoptosis of hippocampal neuronal cells, suggesting that SA may exert cytoprotective effects against OGD/R-induced neuronal injury.
To further explore the mechanisms through which SA protects against OGD/R injury, we performed additional experiments measuring [Ca 2+ ] i and MMP. Calcium is an important second messenger involved in neurotransmitter release and signal transduction. Numerous studies have definitely indicated that alterations in intracellular Ca 2+ homeostasis play a central role in initiating the apoptotic response (32) . In addition, it has been suggested that mitochondrial membrane depolarization is a determining factor in the final step to apoptosis (7). Previously, both elevations of [Ca 2+ ] i and MMP loss lead to destabilization of the neuronal cell structure and caused cell damage, eventually leading to cell death (7, 26) . Polyphenols from the plant Zanthoxylum heitzii, including SA as a major component, exerted an inhibitory effect on HL-60 cells through ROS generation, MMP loss and cell cycle destabilization (33) . Similarly, in our experiments, the results demonstrated that SA significantly reduced [Ca 2+ ] i elevation, whereas it increased the MMP after OGD/R exposure in hippocampal neuronal cells, inferring that the antioxidant effects of SA in cultured hippocampal neurons injured by OGD/R may be associated with the inhibition of [Ca 2+ ] i overload and the stabilization of the MMP. As suggested by previous findings, OGD/R induced the activation of the apoptotic signaling pathways of JNK and p38, and increased the activity of caspase-3 in primary cultures of rat cortical neuronal cells (34) . In addition, the activation of JNK and p38 signaling pathways participated in the methylglyoxal-induced apoptosis of Neuro-2A cells (31) , which was inhibited by pre-treatment with SA. Our data demonstrated that SA inhibited the OGD/R-induced activation of JNK and p38 signaling pathways in hippocampal neuronal cells.
In conclusion, the data revealed that SA exerted strong neuroprotective effects against OGD/R-induced neuronal injury in vitro. Our results demonstrated that pre-treatment with SA may inhibit the OGD/R-induced loss of viability, oxidative stress, [Ca 2+ ] i overload, MMP dissipation and apoptosis of cultured hippocampal neuronal cells through the JNK and p38 signaling pathways. 
